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(Under the Direction of Xiaoming Yang) 
ABSTRACT 
Anyone who has ever attempted to remove a layer of ice from a roadway or sidewalk by plowing 
or shoveling knows it is no easy task when the ice is firmly bonded to the asphalt/concrete surface. 
Winter anti-icing/deicing operations are moral choices that mankind has made to combat winter 
storms. This research is aimed at evaluating the macro and nano structural impacts of the anti-
icing/de-icing salt on aged and unaged asphalt binders. The macro structural impact research 
focused on the rheological and creep properties, and the nano structural impact research focused 
on the surface topography, the adhesion force, and the modulus of asphalt binders. Rheological 
properties of asphalt binders such as rutting resistance and fatigue resistance, creep properties at 
low temperature (stiffness and m-value), and micro properties using nanotechnology were 
evaluated using different testing techniques. The impacts of blended salts on the performance 
properties of asphalt binders for 7 and 28 days at different blend ratios of CaCl2 and a fixed dose 
of NaCl were compared to the unsoaked control specimens. The result of the test revealed that the 
rutting resistance performance of original and RTFO residual binders increased slightly regardless 
of soaking duration. The fatigue resistance slightly increased after been soaked in brine of 23% 
NaCl and decreased with the addition of CaCl2. The soaking of all the asphalt binders in blended 
salt resulted in a slight improvement of the low-temperature (stiffness and m-value) performance. 
The nano properties such as adhesion force and Young’s modulus of the asphalt binders decreased 
after soaking in brines.  
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CHAPTER 1.  INTRODUCTION 
1.1. Background 
Anti-icing and deicing chemicals are commonly used in winter for a safer driving condition 
on the highway. Anti-icing refers to proactive procedures that prevent ice from forming or bonding 
to the road surface. Deicing refers to post-treatment procedures that help to clear the snow or ice 
cumulated on the road surface. Both anti-icing and deicing treatments involve the application of 
salt chemicals in either liquid or solid forms. These salts act as freezing-point depressants for 
winter road maintenance applications. Among all types of salts, sodium chloride (NaCl) is the 
most commonly used chemical for anti-icing/deicing. Other chemicals include calcium chloride 
(CaCl2), magnesium chloride (MgCl2), sodium acetate (NaAc), calcium magnesium acetate 
(CMA), potassium acetate (KAc), potassium formate (KFm), sodium formate (NaFm), and urea. 
The U.S. Geological Survey (2020) reported USA as the second largest producer of salt after 
China for the year 2019. During this period, the United States produced over four two million tons 
of salt, 43% of this salt were consumed in highway deicing. The seasonal use of anti-icing/deicing 
chemicals on pavement structures has raised concerns about potential damages to transportation 
infrastructure, the environment, and motor vehicles. The impacts of salts on Portland cement 
concrete (PCC) pavements, bridge decks, guardrails, and other transportation structures are 
relatively well understood as documented by Shi et al. (2009). In contrast, little information can 
be found about the interaction between salts, especially blended salt mixtures, and asphalt 
materials. Considering the importance of transportation to facilitate the economic development, a 
study of the potential impact of commonly used salts on asphalt materials is warranted. 
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1.2. Objectives  
The objectives of this research are to (1) evaluate macro and nano structural impact of blended 
anti-icing/deicing chemicals on unaged and aged asphalt binders and (2) investigate the effect of 
salt concentration and soaking duration on the rheological and creep properties of asphalt binders. 
1.3. Scope of work  
The research scope involved the use of four types of performance grade (PG) asphalt binder 
specimens (one unmodified and three modified), two types of commonly used salts (NaCl and 
CaCl2) blended at different ratios, and two soaking durations (7 days and 28 days). Tests carried 
out on prepared bitumen specimens include dynamic shear rheometer (DSR), bending beam 
rheometer (BBR), and atomic force microscopy (AFM). The rheological and low temperature 
properties investigated include rutting resistance, fatigue resistance, stiffness, and m-value. At the 
microscopic level, the adhesion, Young’s modulus, and topography of asphalt specimen were also 
obtained. 
1.4. Organization of this Thesis 
This thesis consists of 5 chapters. Following the introduction chapter, Chapter 2 presents a 
literature review. Chapter 3 presents materials, specimen preparation, and laboratory test 
procedures used in this study. Chapter 4 presents test results and analyses. Finally, Chapter 5 




CHAPTER 2.  LITERATURE REVIEW 
2.1. Overview 
The accumulation of snow and ice on road surfaces, and bridges can result in a dramatic loss 
of surface friction, creating hazardous driving conditions. Anti-icers/deicers are frequently used in 
cold-climate regions for snow and ice control on highways. The use of these salts maintains the 
level-of-service on winter roadways, which translates to safety, mobility, and productivity benefits.  
Literatures reviewed in this study focused on (1) asphalt materials, (2) current practices of 
anti-icing and deicing, (3) impacts of salts on concrete and asphalt materials and the environment, 
and (4) laboratory test methods on asphalt materials. Findings from the literature review are 
presented in the following sections. 
2.2. Asphalt Materials 
Asphalt at ambient temperature is a dark sticky cementious material that is either naturally 
occurring or produced by petroleum distillation using different refining techniques. The largest 
use of asphalt is in the production of hot mix asphalt binders, which is used for construction of 
flexible pavement throughout the world. The other uses of asphalt vary widely due to its strong, 
adhesive, and waterproofing characteristics. Almost all paving asphalt used today is obtained by 
processing crude oil. 
The structural component of an asphalt is a function of the molecular species present in its 
chemistry. The major chemistry of an asphalt consists predominantly of hydrocarbon molecules 
with a minor number of analogous species containing sulphur, nitrogen, and oxygen atoms 
(Roberts et. al., 1996). Asphalt often contains trace quantities of metals such as vanadium, nickel, 
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iron, magnesium, and calcium which occurs in the form of inorganic salts and oxides or in 
porphyrine structures. Elementary analysis of asphalt manufactured from crude oil shows that 
asphalt binders mostly contain carbon (82-88%), hydrogen (8-11%), sulphur (0-6%), oxygen (0-
1.5%), and nitrogen (0-1%). 
The Strategic Highway Research Program (SHRP) produced a system of materials selection, 
testing, and mixture design named Superpave (for Superior Performing Asphalt Pavements). The 
Superpave binder specifications are performance-based; therefore, these binders are known as 
performance-graded (PG) binders in contrast to the older system of viscosity graded (AC) binders, 
which are typically used for surface treatments and aggregate precoating. In the PG binder system, 
engineering properties are measured at temperatures corresponding to the climatic and traffic 
conditions of the pavement location. This allows selection of a binder grade that is specifically 
suited to the highway application.  
2.3. Application Rates of Anti-icers/Deicers & Current Practice in State DOTs 
Chemicals composed of salt solution have been used as deicers on highways since the early 
20th century. Extensive use of this salt did not occur until the 1950s, coincidentally with the 
development of the interstate highway system and the growing dependence on the motor vehicle 
for transportation. Many state DOTs have developed their own winter roadway treatment 
guidelines (e.g., Texas DOT 2017, Pennsylvania DOT 2019, New York DOT 2012, Ohio DOT 
2011, South Dakota DOT 2019, Montana DOT 2012, and Minnesota DOT 2012). However, the 
type of salt chemicals, the form of application (solid, pre-wetted solid, or liquid), and the 
application rate vary from state to state. The American Association of State Highway and 
Transportation Officials (AASHTO) published an update to the guide of Snow and Ice Control in 
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2008 (Edward, (2008)) which covers all aspects of winter maintenance operations of roads, 
including the basic operation principles, materials and equipment, weather data management 
process, safety, security, and responsibility concerns. 
NaCl and CaCl2 are the two most used salt chemicals for snow and ice control. Other less 
commonly used salt chemicals include MgCl2, CMA, KAc, KFm, NaAc, and NaFm. For anti-
icing, many states prefer to use liquid application (brine) whenever the weather and road conditions 
allow. Usually, 23% of NaCl brine is the default when the pavement is dry and the temperature at 
the onset of the winter weather event is above -9.4 ~ -6.7°C (15~20°F). The application rate of the 
NaCl brine varies from 24 ~ 212 litre/lane-km (10 ~ 90 gal/lane-mile), depending on the weather 
event, with the most common rate of 71 ~ 94 litre/lane-km (30 ~ 40 gal/lane-mile). Some states 
apply 30~32% CaCl2 brine at a rate of 35 ~ 155 litre/lane-km (15~70 gal/lane-mile) for anti-icing 
when the temperature is too low for the NaCl brine to work. 
Solid and prewetted applications can be used for deicing and sometimes for anti-icing 
operations when the weather and road conditions prohibit a liquid application. Coarse-graded salt 
is generally more cost-effective than fine-graded salt. Salt with a fine grade is not ideal for deicing 
because it has a high potential of dilution. For deicing, the application rate for NaCl (rock salt) 
ranges from 21.2 ~ 113 kg/lane-km (75 to 400 lb/lane-mile) in different states. Solid salt can be 
prewetted with sodium (and sometimes calcium and magnesium) chloride solutions before 
application. Prewetting enhances the performance of solid salt as it helps the solid salt to adhere 
to the road surface. The effectiveness of NaCl and CaCl2 as anti-icers/deicers was studied by David 
et al. (1997). Their research targeted the liquid phase in NaCl – CaCl2 – H2O ternary phase diagram 
at four temperatures. The solubility of NaCl and CaCl2 are slightly affected by the changes in 




2.4. Impact of Anti-icing/Deicing Salts on Concrete Pavement & Materials 
Chemical anti-icer/deicers such NaCl, CaCl2 and MgCl2 are becoming increasingly popular 
due to their relatively low cost, ease of use, and effectiveness over a broad range of temperatures 
(Sutter et al. 2008, Taylor et al. 2012). However, in the past decade, concerns have been raised 
regarding the potential for deleterious effects of certain anti-icers/deicers (most notably MgCl2 and 
CaCl2) on PCC pavements. The damage anti-icers/deicers have on PCC pavement can be physical 
(scaling and cracking) or chemical (corrosion).  
 Xie et al. (2017) studied the effect of NaCl and KAc deicers on concrete samples obtained 
from field bridge deck coring and compared it to laboratory prepared concrete samples. Their 
research revealed that the exposure of field cored concrete samples to brines imposed negative 
impact on mechanical properties, comprehensive strength, and microhardness of concrete. A work 
done by Shi et al. (2009), reviewed the impacts of deicers used in winter maintenance practices on 
asphalt concrete roadways, portland cement concrete and airport pavements using traditional and 
relatively new deicers including NaCl, CaCl2, MgCl2, CMA, KAc, KFm, and NaFm. The authors 
revealed the deleterious effects of chloride-based deicers reaction on PCC aggregates reduces 
concrete strength and integrity, and causes corrosion to metals in transportation infrastructure. 
2.5. Impact Deicing Salt have on Asphalt Binders and Asphalt Pavement.  
Thus far, there is a limited access to research done to investigate the effect of anti-
icing/deicing salts on asphalt binders or the interaction between asphalt/bitumen and deicers. 
Though a handful of research has been done on hot mix asphalt and asphalt pavements. Starck and 
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Löfgren (2007), measured the stiffness of bitumen to analyze the influence of deicing agents on 
the performance of asphalt mortars. Pan et al. (2008) investigated the performance change of 
asphalt concrete under the effect of acetate-based deicing solution. Shi et al. (2009), reported the 
impacts of deicer on asphalt pavements to be relatively mild until acetate and formate–based 
deicers were introduced in recent years. The damaging elements to asphalt pavement were a 
combination of chemical reactions, emulsifications, and distillations, as well as the generation of 
additional stress in the asphalt concrete. In this review, of the two major types of pavements, PCC 
pavement and asphalt pavement, the latter is generally believed to be less effected by deicers. This 
is attributable to the relatively high chemical resistance that asphalt binder demonstrates in the 
presence of chloride-based deicers. 
 Murray (1977) conducted a survey for EPA in 1976, of all snow belt state highway 
departments and approximately 100 large city highway departments. Results from the survey 
indicate that highway departments found extensive salt related damage to bridge decks, minimal 
damage to asphalt pavement surfaces and a handful of reports of damage to other highway 
structures particularly guard rails.  
Pavement deterioration in cold climates are often associated with thermal cracking, 
differential heaving, and loss of bearing capacity during spring thaw says Doré et al. (1997). 
Asphalt pavement is generally believed to be less affected by deicers, although a more severe loss 
of skid resistance on asphalt surfaces has been observed by state and federal highway agencies 
with the application of various road salts. Thus, while their impact on skid resistance is still 
inconclusive, deicers are known to affect pavement structure and cause loss of strength and 
elasticity. Shi et al. (2012), explored the interaction of chloride deicers (Nacl, CaCl2 & MgCl2) 
solution with nano-modified and micro-modified asphalt mixtures in terms of its indirect tensile 
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strength (ITS) and fracture energy. In their research few influential variables such as deicer type 
and dilution ratio, and nanoclay and microfiber content were collectively examined to predict the 
ITS and fracture energy of asphalt mixtures. The addition of both nano and micro modified fiber 
of a minimum 2% to asphalt mixture was seen to enhance the tensile strength of asphalt concrete 
mixtures, and this is beneficial when the asphalt concrete is conditioned in water or chloride-based 
deicer solutions. Dr. Shi concluded that this evaluation makes it possible to design asphalt mixtures 
for a desired level of ITS or fracture energy in the absence or presence of common chloride-based 
deicer solutions.  
 Han et al. (2014) and Zhang et al. (2019) imitated the service life of asphalt pavement in 
coastal areas by continuous immersion of asphalt mixture in dry wet cycle and freeze-thaw cycle 
in 0% (pure water), 5%, and 10% NaCl solution. Their findings showed that the splitting strength 
of asphalt mixture gradually decreases with the increase of action number. After treatment by 
several methods, the dry-wet cycle reflects the adverse effect of salty and humid environment on 
the performance of the asphalt mixture. Dry-wet cycle in 10% NaCl solution is recommended to 
simulate the corrosion effect of a salty and humid environment. After treatment by dry-wet cycle 
in 10% NaCl solution, the high temperature performance, low temperature crack resistance and 
water stability of asphalt mixture all decrease by various degrees.  
2.6. Environment Impact of Deicer 
Deicers used on asphalt pavement end up in the environment at a detectable level in any 
concentration. Kelting and Laxson (2010), in their research summarized the impact salt used 
during winter application on pavement have on the environment. The impact of applied anti-
icers/deicers are mostly noticeable in soil, groundwater, surface water, vegetation, wildlife and 
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aqualife. Sodium becomes an effective competitor for cation exchange when its concentration in 
soil solution is increased, which is exactly what happens in roadside soils when road salt (NaCl) 
is applied. The effect road salt has on soil is supported by studies from Howard and Beck (1993) 
in which they reported increased Ca concentrations in soil solution and ground water adjacent to 
salted roads. Several factors such as porosity, topography, moisture content and soil infiltration 
rate determine how deicers move through the landscape, so it is difficult to predict the zone of 
influence of deicers on soils. 
Research suggests that groundwater storage near road salt application have substantially 
higher concentrations of chloride. In many cases the chloride concentration exceeds the secondary 
maximum concentration level of 250 mg per liter for drinking water reported by the U.S. 
Environmental Protection Agency (1992). Chlorides occur naturally in groundwater with varying 
concentrations depending on bedrock material, concentrations are typically low, less than 10 mg 
per liter (Jones et al. 1992). The environmental impacts of road salts are difficult to quantify in 
monetary terms, as they are site-specific and depend on a wide range of factors unique to each 
formulation, spatial and temporal factors of the location. Further complicating potential damaging 
effects of road salts, their use can reduce the need for applying abrasives, and pose less threat to 
the surrounding vegetation, water bodies, aquatic wildlife (Fay and Shi 2012).  
2.7. Laboratory Tests to Determine Rheological & Micro Properties of Asphalt Binder 
This sub-section includes a selected review of laboratory test methods used to determine 
rheological & micro properties of asphalt. The rheology of asphalt binder at a given temperature 
is determined by both the constitutional chemical composition and structural physical arrangement 
of its hydrocarbon molecular structure. 
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 Soliman et al. (2008), in their research evaluated the laboratory performance of joint and 
crack sealants in cold climates using two common asphalt testing techniques DSR and BBR to 
characterize the rheological properties of asphalt binders. The BBR test was used in this study for 
evaluating the low temperature stiffness (S) and the m-value. The ‘S’ and m-value correlate to the 
slope of the creep stiffness-time curve after a certain time of loading. As a conclusion they 
observed a good correlation between temperature susceptibility, obtained from DSR results, and 
field performance. Colbert and You (2012), modified asphalt binders with electronic waste and 
tested the improved properties and performances against that of the convectional asphalt binders. 
The e-waste powder percentages blended with asphalt binders were 2.5, 5, and 15%, respectively. 
Rotational viscosity, DSR, and BBR testing was conducted upon modified and virgin asphalt 
binder samples. The addition of e-waste powders was seen to increase binder viscosity, blending 
and mixing temperatures, and decreased rutting susceptibility versus virgin asphalt binders. The 
lower percentages of e-waste powders modified asphalt binders resulted in similar m-values at the 
specified low temperature grade of the control asphalt binder. 
A laboratory study using polymer modified asphalt binder to satisfy the performance-grade 
of asphalt rheological properties was done by Tarefder and Yousefi (2016). Asphalt binders were 
modified with styrene-butadiene and styrene-butadiene-styrene polymers at 3, 4, and 5%. The 
stiffness properties of the modified binders were determined using DSR, multiple-stress creep 
recovery (MSCR), Brookfield rotational viscometer (RV), and BBR tests. The result showed that 
increasing the percentage of polymer results in a decrease in aging for both SB- and SBS-modified 
binders. Those modified with SB are more resistant to aging than are those modified with SBS. 
The author concluded that a comparison of Aging Index (AI) defined by dynamic shear modulus 
(G*), storage modulus (G’), and loss modulus (G’’) showed that aging increases the elastic 
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component of complex shear modulus more than the viscous component for both original and 
modified binders.  
The strength of asphalt specimen can be extrapolated using BBR at low temperatures. 
Falchetto and Moon (2017) measured the strength of asphalt at three different temperatures 
considering the effect of conditioning time and loading rate using BBR. The obtained result was 
compared to the corresponding values obtained from two conventional test methods the direct 
tension (DT) and indirect tension (IDT) test. Low-temperature cracking causes deleterious distress 
for pavement built in regions experiencing severe cold climates. When temperature steeply drops 
during the winter, significant tensile stress develops in the restrained pavement layers; this is 
associated with a considerable material embrittlement, which may ultimately lead to premature 
failure. 
 Liu et al. (2018), in their work evaluated the effect of polymer and polyphosphoric acid 
(PPA) on the aging resistance of different asphalt binders with (PAV) aging. The rheological 
properties tested included failure temperature, fatigue factor (G* · sin delta), and phase angle by 
(DSR) testing, stiffness (S), and creep rate (m-value) by (BBR) testing. The most critical factors 
for determining the durability of the asphalt are its chemical composition and chemical structure. 
In this context the DSR (SmartPave, Anton Paar) is used to determine the viscosity and elasticity 
of asphalt materials by obtaining two parameters complex modulus (𝐺∗) and phase angle (𝛿). The 
greater the value of G* · sin delta, the more energy loss under repeated loading. Therefore, a 
smaller G* · sin delta value represents better fatigue performance. The measured deflection, creep 
stiffness, and m-value used in this study to describe the levels of aging of the various aging binders 
were commonly used to explore the low-temperature cracking of warm-mix asphalt. To this end it 
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was concluded that the polymers and binder sources can obviously influence the fatigue resistance 
of the binders with PAV aging. 
A study estimating the modulus of elasticity of bitumen under different aging conditions using 
AFM was carried out (García et al. 2019). They observed that different laboratory aging conditions 
and chemical transformations occurring in the bitumen causes an increment in the elongation of 
the bee like structure. These structures are referred to as the catana phase as the aging process and 
simulated conditions of deicers increases in the laboratory. The presence of the catana phase (bee-
like) structures suggests the interrelation between the chemical composition of the bitumen and its 
mechanical response. The author concluded that changes associated to bee-like structures changes 
are correlated to aging conditions, original composition and quantity of deicers used. The 
investigation of the micro characteristics of asphalt mastics under dry-wet and F-T cycles in a 
coastal environment was done by (Zhang and Huang 2019). This was aimed at emulating the cold 
winter environmental condition, F-T in winter, and the application of deicers’ impact on asphalt 
pavement. The result obtained from AFM indicated that the surface roughness (Ra) of the 
morphology decreased, and in the SBS modified mastics the bee like structures were observed to 
increase in size and decrease in number after the salt cycles. Their finding showed the effect of 
interaction between the simulated deicers and asphalt occurred which led to morphologic changes 




CHAPTER 3.  MATERIALS AND TEST PROCEDURE 
3.1. Materials 
The basic materials used in this study were four types of asphalt binders (one unmodified 
asphalt PG 64-22 and 3 modified asphalt PG 76-22 binders) and two salts (NaCl and CaCl2). The 
fundamental physical and chemical properties of the materials are described below. 
3.1.1. Asphalt Binder 
Four asphalt binders (three different modified and one unmodified) were sampled from 
plants in Georgia. The three modified asphalt binders tested are GTRH (ground tire rubber 
hybrid) modified, PMA (polymer modified asphalt) modified, and SBS (styrene-butadiene 
styrene) modified, all with a PG grade of 76-22. The base (unmodified) binder tested had a PG 
grade of 64-22.  
3.1.2. Salts 
Two types of salts, NaCl and CaCl2, were used in this research. Five brine solutions (denoted 
as “D1, D2, D3, D4 and D5”) were prepared with each having 23% of NaCl and different 
percentages of CaCl2 from 0% to 25%. The specimen identification is based on blend ratio, binder 
type, and days of soaking as shown in Table 1 and Table 2. The NaCl specimen used in this study 
is from a commercial product provided by a facility in District 7 of Georgia. The sample was taken 
from the original package and then stored in a sealed container to avoid absorption of water from 
the air. The NaCl specimen consists of angular, poorly graded salt particles shown in Figure 1. 
The NaCl specimen was crushed with a rubber mallet into smaller particle sizes to aid dilution. 
The CaCl2 used in this study was sampled from a Georgia Department of Transportation (GDOT) 
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storage facility in Statesboro, Georgia. The sample consists of rounded, poorly graded pellets with 
a nominal maximum size of about (4.75 mm) see Figure 2.  

























UM C-U7 D1-U7 D2-U7 D3-U7 D4-U7 D5-U7 
GTRH C-G7 D1-G7 D2-G7 D3-G7 D4-G7 D5-G7 
PMA C-P7 D1-P7 D2-P7 D3-P7 D4-P7 D5-P7 
SBS C-S7 D1-S7 D2-S7 D3-S7 D4-S7 D5-S7 
Note: C – Control, U – Unmodified, P – PMA modified, and G – GTRH modified. 

























UM C-U28 D1-U28 D2-U28 D3-U28 D4-U28 D5-U28 
GTRH C-G28 D1-G28 D2-G28 D3-G28 D4-G28 D5-G28 
PMA C-P28 D1-P28 D2-P28 D3-P28 D4-P28 D5-P28 
SBS C-S28 D1-S28 D2-S28 D3-S28 D4-S28 D5-S28 




Figure 1. Particle size distribution of NaCl salt 
 

















































Particle Size D, mm
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Due to the uniformity of the material, the CaCl2 specimen was directly used in the test without 
crushing or screening. The brine concentration was calculated based on weight of water (600 ml). 
A notable observation during the brine preparation was that the calcium chloride settled to the 
bottom of the jar. Figure 3 shows the blended salt in the glass mason jar. 
 
Figure 3. Deicer concentration in mason jar 
 
3.2. Specimen Preparation 
The specimen preparation involves procedures to produce representative samples for 
traditional DSR, BBR, and advanced AFM tests. 
3.2.1. Specimen Preparation for DSR & BBR 
Both soaked and unsoaked (control) asphalt specimens were tested for rheological and creep 
property changes of aged and unaged asphalt binders. The test specimens were prepared in two 
steps. Firstly, the specimens were shaped into beams and then soaked in brine solution (except for 
the control specimen). This was done to increase the contact area between brine and asphalt used 
 
B-1 B-2 B-3 B-4 B-5 
D1 D2 D3 D4 D5 
27 
 
in this study. Secondly, the soaked and unsoaked asphalt binders were heated and re-shaped to 
different sizes and shapes to meet ASTM D6373 standard specification for PG asphalt binder test 
procedures. 
Asphalt binder beams prepared for soaking were made into dimensions of 125mm * 12.5mm 
* 6.25mm using the BBR mold as shown in Figure 4. A total of 360 asphalt binder beams were 
made, 90 for each type of asphalt binder, and then soaked in brines in glass jars for durations of 7 
and 28 days. The jars were then kept refrigerated until the test date.  
 
Figure 4. Beam mold and representative asphalt specimen before soaking. 
 
The airtight lids were used to prevent the escape of water, this made the concentration of 
the brines unchanged as shown in Figure 5. To keep the salts dissolved as uniformly as possible, 
the jars were shaken every four hours during the daytime. The soaking period 7 days was selected 












































long-term impact of deicers. Moreover, some specimens were aged by Rolling Thin-Film Oven 
(RTFO) (ASTM D2872) and Pressure Aging Vessel (PAV) (ASTM D6521). 
 
Figure 5. Asphalt beams soaked in brines. 
 
3.2.2. Specimen Preparation for AFM 
The heat casting method was used to prepare the specimen for the experiments. Specimen 
preparation consisted of applying a small amount of bitumen on a glass slide as shown in Figure 
6a. Each representative asphalt specimen was placed in an oven at a temperature of 135°C for 10-
15 minutes on 16 glass slides to make an evenly distributed fluid asphalt on a thin film. Then the 
glass slide was stirred on a hot plate for approximately 5 minutes at 120 rpm to make a uniform 
thin layer on it. The prepared specimens were kept in a thermal hood for around 24 hours to make 
the molecular composition thermally stable and to prevent rapid oxidation. The method was 
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repeated to prepare the specimen with approximately 1000 ± 200 nm of thickness as shown in 
Figure 6b. To perform the nanoindentation on asphalt specimen, an average film thickness of 5 
mm was required for each specimen, and they were manipulated carefully between measurements 
to avoid contamination.  
 
Figure 6. (a) Soaked asphalt specimen in deicer solution. (b) Asphalt specimen after heat 
casting method 
 
For AFM test, a total of 16 specimens were prepared without aging. The soaked specimens 
were 23% NaCl + 10% CaCl2, 23% NaCl + 15% CaCl2, 23% NaCl + 20% CaCl2 referred to as 
D1, D2, and D4 respectively. Each specimen was measured several times under dynamic force 
mode and a minimum of 10 times under dynamic force mode to apply the nanoindentation. 
3.3. Test Method 
In this study, two categories of investigations were conducted with the traditional and the 




BBR (ASTM D6648), and the PG requirement (shown in Table 3). Both DSR and BBR tests 
provide fundamental properties in terms of moduli based upon the measurement of stress and 
strain. They also differ in several ways including the shape and size of test specimens, types of 
applied load, and method of measuring the load. The BBR test measures the flexural creep stiffness 
of an asphalt binder which is related to low temperature thermal cracking of a material while the 
DSR measures the rheological properties of asphalt binder at high and intermediate temperatures. 
The asphalt binders were aged for short term aging based on ASTM D2872 using RTFO and for 
long term aging based on ASTM D6521 using the PAV.  
 
Table 3. Requirements for performance-graded bitumen 






Original Binder  
Flash Point (°0) D92 230 min 230 min 
Rotational Viscosity, 
Pa-s 
135 °C D4402 3.0 max 3.0 max 
Dynamic Shear, kPa 









Phase angle (°) - 75 max 
RTFO Residue  
Mass Change (%) - 0.5 max 0.5 max 
Dynamic Shear, kPa 









PAV Residue 100°C, 20 hrs, 2.1 MPa 
PAV aging temperature (°C) - 100 °C 100 (110) °C 
Dynamic Shear, kPa 




D7175 5000 max 5000 max 
Creep Stiffness, MPa D6648 300 max 300 max 
m-value D6648 0.3 min 0.3 min 
Source: Asphalt institute, 2019 
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In addition to the traditional test methods, the AFM was used as an effective micro-scale 
technique to evaluate the nanomechanical properties of asphalt specimens. The detailed test 
procedures are described in the following subsections. 
 
3.3.1. Determining the Rheological Properties of Asphalt Binder Using a DSR 
The DSR test followed ASTM D7175, measuring the critical rheological characteristics 
required for SuperPave PG classification of asphalt binders. It provides a means for measuring the 
complex shear modulus and phase angle at 10 rad/s. The test temperature ranges from 3 to 88 
degrees C°, this loading cycle simulates a wheel passing over the pavement surface at 55 mph. A 
parallel plate geometry is used to test the samples, and the plate diameter is 25 mm for original 
binder and RTFO-conditioned binder, and 8 mm diameter plates for PAV-conditioned binder as 
shown in Figure 7a. During testing, one of the plates is oscillated with respect to the other plate. 
The complex shear modulus, G*, is calculated by dividing the maximum stress by the maximum 
strain that occurs during the loading cycle. The phase angle of the material, δ, represents the delay 
in the material’s response to the applied load. 
The DSR tests were conducted on original, RTFO aged, and PAV aged asphalt binder 
specimens. The original binder and the RTFO residue specimens with a 1 mm thickness were 
prepared with the 25 mm diameter plate. The original binder grading and RTFO grading were 
conducted at 58°C for unmodified binders and at 70°C for modified binders, while for the PAV 
residue, the 8 mm diameter plate was used with a 2 mm specimen thickness. Both the unmodified 
and modified samples were tested at 25°C and 31°C respectively. The main output from this 
instrument were complex shear modulus (G*), phase angle (δ), fail temperature, rutting index 
(G*/sinδ), and fatigue index (G*·sinδ). These outputs are dependents on temperature, specimen 
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type, size, and aging condition. The DSR test device (Figure 7b) consists of parallel metal plates, 
an environmental chamber, a loading device, and a control and data acquisition system. 
 
Figure 7. (a) Measuring system and silica gel mold. (b) DSR Anton Par measuring system 
 
3.3.2. Determining the Flexural Creep Stiffness of Asphalt Binder Using the BBR 
The BBR test followed ASTM D6648. This test measures the flexural creep stiffness of an 
asphalt binder. This is a property of asphalt material that is related to its low temperature thermal 
cracking potential. The BBR was adopted for asphalt testing because of the Strategic Highway 
Research Program (SHRP) in 1992. The test is performed within a temperature range of -36 to 
0°C, the actual test temperature used in this study was -12°C. The test samples are molded into 
prism shaped beams of asphalt binder with a size of 125mm * 12.5mm * 6.25mm as shown in 




stiffness and the m-value are the parameters of interest during this binder test. The creep stiffness 
is defined as the ratio of the constant 980 mN load applied to the variation in strain or displacement 
in the prepared asphalt beam, whereas the m-value is the slope of the stress against the strain curve 
relationship in a log scale. The beam is simply supported and subjected to a constant load at the 
midpoint. The stiffness of the beam is calculated by dividing the maximum stress by the maximum 
strain. The temperature at which the test is performed is determined in accordance with ASTM 
D6373. This temperature is related to the conditions experienced by the pavement in a particular 
geographical area. Figure 8b represents a standard image of ATS BBR used in this study.  
 
 







3.3.3. Determining the microscopic topography of asphalt binder using AFM 
For this study, NanoSurf FlexAFM system was used to collect the topographical properties 
of asphalt and for characterization of the mechanical property (spectroscopy) of asphalt such as 
topography, surface roughness, adhesion, and stiffness. The primary elements of the system are 
the controller, scan head case, a high-resolution camera, AppNano probe, tip, and detector shown 
in Figure 9. Additional important gears include high-performance PC, cantilever exchange tool, 
and Allen key. The probe used for these experiments was ACLA of length 225 µm, width 40 µm, 
thickness 7.8 µm, and frequency of 160-225 kHz. Nanosurf Easyscan 2 version 3.8.8.7 software 
was used for capturing the topographical image, phase images and spectroscopy. Image size was 
selected as 30 µm × 30 µm with 512 pixels of a display. Moreover, data obtained were processed 
by the Atomic J and Gwyddion programs.  
 
   
Figure 9. Basic atomic force microscope (AFM) setup and accessories 
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3.4. Asphalt Binder Aging 
This practice is designed to simulate in-service oxidative aging that occurs in asphalt binders 
during pavement service. Residue from this conditioning practice may be used to estimate the 
physical or chemical properties of asphalt binders. The two different devices for aging asphalt, 
RTFO and PAV. 
3.4.1. Rolling Thin Film Oven (RTFO) 
Simulations of short-term aging were performed using a RTFO, in accordance with ASTM 
D2872. This procedure provides a mean for conditioning asphalt to simulate the hardening that 
occurs during the mixing and compaction of hot mixing asphalt. The RTFO procedure requires an 
electrically heated convention oven as shown in Figure 10 below. The oven contains a circular, 
vertical carriage that holds the specimen bottles and rotates around its center. An air jet blows air 
into each specimen bottle at its lowest position as it circulates in the carriage. The RTFO must be 
preheated to the aging temperature, 163°C, for a minimum of 2 hours prior to use. Specimen bottles 
are placed in the carriage and rotated at a range of 15 rpm. The air flow is set at a rate of 4,000 




Figure 10. Rolling Thin Film Oven 
 
3.4.2. Pressure Aging Vessel (PAV) 
For long-term aging, the ASTM D6521 procedure was followed. This procedure represents 
long term exposure in the field, asphalt binders harden because of oxidation. Aging is accelerated 
because of application of elevated pressure and temperature which increase the amount of oxygen 
that is available for reacting with asphalt binder molecules. The RTFO residue specimens were 
kept in the PAV for 20 hours under 2.10MPa of air pressure and at a constant temperature of 
100°C. The specimens were then vacuumed at 170°C for 30 min to make sure that all the air 
bubbles caused by pressure were removed. This procedure simulated the aging of binders for 











CHAPTER 4.  RESULT AND DISCUSSION 
4.1. Dynamic Shear Rheometer 
The DSR test measures the complex shear modulus (G*) and the phase angle (δ). The G*/sinδ 
value is considered as a rutting resistance parameter for original unaged and RTFO aged specimens 
in accordance with ASTM D6373. The G*·sinδ is regarded as a fatigue resistance parameter for 
the PAV residue. The higher value of G*/sin δ indicates that bitumen has a higher resistance to 
rutting. Also, the continuous performance grades of unaged asphalt binder, RTFO-aged bitumen, 
and PAV-aged bitumen were tested. 
4.1.1. Rheological Properties of Asphalt Binders Soaked for 7 and 28 days (Original Binder) 
In general, the responses of the modified binders to the brines were different from those of 
the UM binder. The G*/sin(δ) of the modified binders increased and that of the UM binder 
decreased by soaking in the 23% NaCl brine. For 7 days, the soaked G*/sin(δ) of the modified 
asphalt binders increased as the dose of CaCl2 increased, but mixed results were observed for the 
unmodified binder (Figure 12). Further comparison between control and modified specimens’ 
results indicated that the GTRH modified binders showed the least increase in the G*/sin(δ) 
followed by the SBS modified binders. All the tested asphalt binders met the PG specification for 
asphalt binder (G*/sin(δ) ≥ 1 kPa). The lowest value obtained are 1.126 kPa for C-G7 while the 







Figure 12. G*/sin(δ) for 7 days-soaked Unaged Original Binder 
 
Analysis of variance (ANOVA) was conducted to understand the differences of the 
G*/sin(δ) caused by the type of asphalt binder and the dose of CaCl2 for 7 days soaking. The results 
are presented in Table 4. The difference between the G*/sin(δ) caused by the type of binder was 
significant. While the difference between the G*/sin(δ) caused by the dose of CaCl2 was 
insignificant. The P-value for binder type was 0.034, while that of the dose of brine was 0.708 
compared to the threshold value of 0.005. A detailed comparison between the binders and the dose 
of CaCl2 was conducted and the results are listed in Table 5 and Table 6. The most significant 
difference in G*/sin(δ) of binder was found between the UM binder and PMA modified binder 
with a p-value of 0.024. The Tukey multiple comparison between brines reveals that there was no 




















Table 4. ANOVA for 7-days Unaged Original Binder G*/sin(δ) 
  DF Sum Sq Mean Sq F-Value p-Value 
Binder 3 3.268 1.089 3.749 0.034* 
Brine 5 0.856 0.171 0.590 0.708 




Table 5. Tukey multiple comparison between binders, 7-days Unaged Original Binder 
G*/sin(δ) 
  Difference Lower Bound Upper Bound p-Value 
PMA–GTRH 0.403 −0.494 1.300 0.580 
SBS–GTRH 0.094 −0.803 0.991 0.990 
UM–GTRH* −0.614 −1.511 0.283 0.241 
SBS–PMA −0.308 −1.205 0.589 0.757 
UM–PMA −1.017 −1.914 −0.120 0.024 
UM–SBS −0.708 −1.605 0.189 0.148 
* UM = Unmodified 
 
Table 6. Tukey multiple comparison between brines, 7-days pre-RTFO G*/sin(δ) 
  Difference Lower Bound Upper Bound p-Value 
D2–D1 0.246 −0.993 1.484 0.985 
D3–D1 −0.329 −1.568 0.909 0.950 
D4–D1 −0.067 −1.305 1.172 1.000 





The effect of brines on the asphalt binders soaked for 28 days without aging are presented 
in Figure 13. For original binders soaked in deicer solution for 28 days the overall trend of 
G*/sin(δ) observed was C < D1 < D4 > D5. The increment in the concentration of deicer caused 
an increase in the rutting resistance for GTRH and SBS modified binder. The rutting resistant of 
the UM and PMA binders observed a mixed trend of increment and decrement of G*/sin(δ) for 
binders soaked for 28 days. Overall, the G*/sin(δ) of the binders soaked for 28 days increased as 
the dose of CaCl2 increased. All tested asphalt binders in this group met the performance grade of 
asphalt G*/sin(δ) ≥ 1 kPa except for D5-G28. The lowest value was 0.931 kPa for D5-G28 while 
the highest reading for the unaged binder was 7.800 kPa for D4-U28. 
 
 






















The result of ANOVA used to understand the differences of the G*/sin(δ) caused by the 
type of asphalt binder and the dose of CaCl2 is shown in Table 7. Like the 7 days-soaked 
specimens, the 28 days-soaked P-value for type of asphalt binder was 0.0032 which is less than 
0.05. The effect of the dose of calcium chloride was 0.1383 which is larger than 0.05. The 
difference between the G*/sin(δ) caused by the type of binder was significant, and that caused by 
the dose of CaCl2 was insignificant. A detailed comparison between binders, and between doses 
of CaCl2 was conducted and the results are listed in Table 8 and Table 9. The multiple analysis 
between binders indicates that the GTRH specimen behaved differently than UM, SBS and PMA 
with P-values of 0.007, 0.006 and 0.021, respectively. The Tukey multiple comparison between 
brines revealed that there was no significant impact caused by brine on the G*/sin(δ) with the P-
values ranging from 0.407 to 1.00. 
The rheological property, G*/sin(δ), of original binders after soaking was observed to 
increase slightly regardless of the duration of soaking, indicating the rutting resistance of the tested 
binders is, therefore, not negatively affected by soaking. 
Table 7. ANOVA for 28-days Unaged Original Binder G*/sin(δ) 
  DF Sum Sq Mean Sq F-Value p-Value 
Binder 3 9.887 3.296 7.206 0.003* 
Brine 5 4.556 0.911 1.992 0.138 





Table 8. Tukey multiple comparison between binders, 28-days Unaged Original Binder 
G*/sin(δ) 
  Difference Lower Bound Upper Bound p-Value 
PMA–GTRH −1.300 −2.425 −0.175 0.021 
SBS–GTRH −1.558 −2.684 −0.433 0.006 
UM–GTRH −1.533 −2.659 −0.408 0.007 
SBS–PMA −0.258 −1.384 0.867 0.910 
UM–PMA −0.233 −1.359 0.892 0.931 
UM–SBS 0.025 −1.100 1.150 1.000 
 
 
Table 9. Tukey Multiple Comparison Between Brines, 28-days Unaged Original Binder 
G*/sin(δ) 
  Difference Lower Bound Upper Bound p-Value 
D2–D1 0.125 −1.429 1.679 1.000 
D3–D1 −0.025 −1.579 1.529 1.000 
D4–D1 0.938 −0.616 2.491 0.407 
D5–D1 −0.200 −1.754 1.354 0.998 
 
 
4.1.2. Rheological Properties of Asphalt Binders Soaked for 7 and 28 days (RTFO Residuals) 
The PG of RTFO residue measured the rutting resistance of asphalt binders. The specification 
requires that G*/sin(δ) ≥ 2.2 kPa for RTFO aged specimens. For the RTFO aged specimens soaked 
for 7 days, values of the G*/sin(δ) had a mixed effect on asphalt binder. Both UM and SBS rutting 
resistance increased with concentrations of anti-icer/deicer while GTRH and PMA decreased after 
being soaked in the brine of 23% NaCl presented in Figure 14. In addition, the G*/sin(δ) of both 
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the modified and UM asphalt binders increased with an increased dose of CaCl2. Except for the 
PMA modified binder that exhibited little changes in G*/sin(δ). The lowest value of G*/sin(δ) 
were 1.362 kPa, 1.789 kPa and 1.924 kPa associated with D2-G7, D3-G7, and D4-G7, 
respectively. These values did not meet rutting resistant specification for PG of RTFO residue, 
while the highest reading for the RTFO aged binder was 16.262 kPa for D4-U7. 
 
Figure 14. G*/sin(δ) of asphalt binder for 7-days soaked RTFO Residue. 
 
For 7 days soaked RTFO residual specimens, the ANOVA conducted to understand the 
differences of the G*/sin(δ) caused by type of asphalt binder and dose of CaCl2 are listed in Table 
10. Only the P-values for the type of binder were less than 0.05, indicating that there is significant 
difference between the G*/sin(δ) caused by the type of binder (<0.001), but not by the dose of 
CaCl2 (0.577). Multiple comparisons (Table 11 and Table 12) confirmed that the UM binder 




















three binder types. The P-value for comparison between binders for UM in correlation with GTRH, 
SBS and PMA was <0.001, 0.001 and <0.001, respectively. The Tukey multiple comparison 
between brines reveals that there was no significant impact caused by brine on the G*/sin(δ) with 
the P- values ranging from 0.927 to 1.00. 
 
Table 10. ANOVA for 7-days RTFO Residue G*/ sin(δ). 
  DF Sum Sq Mean Sq F-Value p-Value 
Binder 3 170.27 56.76 9.957 <0.001* 
Brine 5 22.34 4.47 0.784 0.577 
Residual 15 85.51 5.70 -- -- 
*Significant (p-value<0.05) 
 
Table 11. Tukey multiple comparison between binders, 7-days RTFO Residue G*/sin(δ) 
  Difference Lower Bound Upper Bound p-Value 
PMA–GTRH 0.403 −0.494 1.300 0.580 
SBS–GTRH 0.894 −0.003 1.791 0.051 
UM–GTRH 2.386 1.489 3.283 <0.001* 
SBS–PMA 0.492 −0.405 1.389 0.418 
UM–PMA 1.983 1.086 2.880 <0.001* 
UM–SBS 1.492 0.595 2.389 0.001* 




Table 12. Tukey multiple comparison between brines, 7-days RTFO Residue G*/sin(δ) 
  Difference Lower Bound Upper Bound p-Value 
D2–D1 −1.500 −6.985 3.985 0.944 
D3–D1 0.325 −5.160 5.810 1.000 
D4–D1 1.600 −3.885 7.085 0.927 
D5–D1 1.025 −4.460 6.510 0.989 
 
The values of the G*/sin(δ) of all RTFO residual binders after soaking for 28 days and the 
controls is presented in Figure 15. Again, Both UM and SBS rutting resistance increased with 
concentration of anti-icer/deicer while GTRH and PMA observed a decrease in rutting resistance 
value with an increase in dose of CaCl2. The lowest value was 2.099 kPa, 1.919 kPa, 1.834 kPa, 
1.862 kPa, 1.964 kPa, and 1.33 kPa associated with D1-G28, D3-G28, D4-G28, D5-G28, D2-P28, 
and D5-P28, respectively. The prior listed binders did not meet rutting resistant specification for 
performance grade of RTFO residue, while the highest reading for the RTFO aged binder was 
22.791 kPa for D3-U28. 
The rheological property, G*/sin(δ), of RTFO residue was observed to have mixed result. 
The most noticeable effect of rutting resistance on binder type is observable on GTRH and PMA 
modified binder. The PG of the GTRH and PMA modified binder fell below the minimum 
requirement G*/sin(δ) ≥ 2.2 kPa after RTFO aging and soaking in brine solution. Therefore, a 





Figure 15. G*/sin(δ) of asphalt binder for 28 days soaked RTFO Residue. 
 
For 28 days soaked RTFO residual specimens, an ANOVA conducted to understand the 
differences of the G*/sin(δ) caused by type of asphalt binder and dose of CaCl2 and the results are 
listed in Table 13. The P-value obtained for the type of binder was less than 0.05, whereas those 
obtained for the dose of CaCl2 was larger than 0.05. This indicated that there is a significant 
difference between the G*/sin(δ) caused by the type of binder (<0.001), but not by the dose of 
CaCl2 (0.781). Multiple comparison (Table 14 and Table 15) confirmed that the UM binder 
showed a significantly larger increase in G*/sin(δ) with increased dose of CaCl2 compared to the 
other three binders. The P-values comparison between binders for UM in correlation with GTRH, 
SBS and PMA was 0.003, 0.007 and <0.001, respectively. The Tukey multiple comparison 
between brines reveals that there was no significant impact caused by brine on the G*/sin(δ) with 






















Table 13. ANOVA for 28-days RTFO Residues G*/sin(δ) 
  DF Sum Sq Mean Sq F-Value p-Value 
Binder 3 371.8 123.93 12.704 <0.001* 
Brine 5 23.7 4.75 0.487 0.781 
Residual 15 146.3 9.75 -- -- 
*Significant (p-value<0.05) 
  
Table 14. Tukey multiple comparison between binders, 28-days RTFO Residues G*/sin(δ) 
  Difference Lower Bound Upper Bound p-Value 
PMA–GTRH −3.100 −8.297 2.097 0.348 
SBS–GTRH 0.683 −4.514 5.880 0.981 
UM–GTRH 7.667 2.470 12.864 0.003* 
SBS–PMA 3.783 −1.414 8.980 0.198 
UM–PMA 10.767 5.570 15.964 <0.001* 
UM–SBS 6.983 1.786 12.180 0.007* 
*Significant (p-value<0.05) 
Table 15. Tukey multiple comparison between brines, 28-days RTFO Residue G*/sin(δ) 
  Difference Lower Bound Upper Bound p-Value 
D2–D1 −0.950 −8.125 6.225 0.998 
D3–D1 2.000 −5.175 9.175 0.939 
D4–D1 0.175 −7.000 7.350 1.000 






4.1.3. Rheological Properties of Asphalt Binders Soaked for 7 and 28 days (PAV Residuals) 
The performance grade of PAV residue measures the fatigue cracking of asphalt binders, and 
the specification requires that G*(sin(δ)) ≤ 5000 kPa. The values of the G*(sin(δ)) of D1s (23% 
NaCl + 0% CaCl2) for 7 days soaking, as compared with those of the controls, were increased for 
the UM, GTRH and SBS binders, and decreased for the PMA modified binder (Figure 16). The 
G*(sin(δ)) of the UM binders was observed, the fatigue cracking resistance when soaked increased 
except for D2-U7 and D4-U7. The effect of the binder soaking in brines on the G*(sin(δ)) was 
mixed, depending on the type of binder. 
Furthermore, a vague trend was observed that a higher concentration of calcium chloride 
caused a slight change in the G*(sin(δ)) of the modified asphalt binders, but an obvious increase 
for UM binders. The G*(sin(δ)) of the PMA modified binders responded to the dose of CaCl2. The 
lowest value of G*(sin(δ)) was 496 kPa associated with D2-S7, this value met the fatigue cracking 
specification for PG of RTFO residue, while the highest reading for G*(sin(δ)) of PAV aged binder 
was 5760 kPa, 5800 kPa and 6360 kPa associated respectively with D1-U7, D3-U7, and D5-U7 
all of which exceeded the threshold value. 
In conclusion, the effect of NaCl brine on the fatigue cracking of the soaked modified binders 
was mixed, either degraded or enhanced, depending on the type of binder discussed. The dose of 
CaCl2 did not have much effect on the fatigue cracking of the modified binders regardless of the 





Figure 16. G*(sin(δ)) of asphalt binder for 7 days PAV Residue
 
ANOVA (Table 16) and Tukey multiple comparison (Table 17 and Table 18) showed that 
neither binder type nor brine type had a significant difference on the trend exhibited by the binders. 
Table 16. ANOVA for 7-day PAV G*(sin(δ)) 
 
DF Sum Sq Mean Sq F-Value p-Value 
Binder 3 2749479 916493 2.646 0.087 
Brine 5 2776771 555354 1.603 0.219 

























Table 17. Tukey multiple comparison between binders, 7-days PAV G*(sin(δ)) 
 
Difference Lower Bound Upper Bound p-Value 
PMA–GTRH −658.333 −1637.712 321.046 0.255 
SBS–GTRH −50.000 −1029.379 929.379 0.999 
UM–GTRH 266.667 −712.712 1246.046 0.860 
SBS–PMA 608.333 −371.046 1587.712 0.316 
UM–PMA 925.000 −54.379 1904.379 0.067 
UM–SBS 316.667 −662.712 1296.046 0.788 
 
Table 18. Tukey multiple comparison between brines, 7-days PAV G*(sin(δ)) 
 
Difference Lower Bound Upper Bound p-Value 
D2–D1 −1050.000 −2402.152 302.152 0.178 
D3–D1 −300.000 −1652.152 1052.152 0.976 
D4–D1 −612.500 −1964.652 739.652 0.686 
D5–D1 −162.500 −1514.652 1189.652 0.999 
 
The effect of the brines on the G*(sin(δ)) of the asphalt binder’s PAV residuals for 28 days 
soaking is presented in Figure 17. All the modified asphalt binders showed an increase in the 
G*(sin(δ)) of the modified binders, whereas the UM binder had a decrease in the G*(sin(δ)). The 
dose of CaCl2, decreased the G*(sin(δ)) for all the modified asphalt binders and increased the 
G*(sin(δ)) of the UM asphalt binder. The GTRH and SBS modified binders responded to the dose 
of CaCl2 to a much larger degree than the PMA modified binder. 
The lowest value of G*(sin(δ)) was 296.39 kPa associated with D5-G28 which met fatigue 
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cracking specification for PG of RTFO residue, while the highest reading for G*(sin(δ)) of PAV 
aged binder was 7211.04 kPa, 8300 kPa and 5391.68 kPa associated respectively with D3-U28, 
D4-U28 and D5-U28 all of which exceeded the threshold value. 
 
Figure 17. G*(sin(δ)) of asphalt binder for 28 days PAV Residue 
 
An ANOVA was conducted to understand the differences of the G*(sin(δ)) caused by the 
type of asphalt binder and the dose of CaCl2. The results are listed in Table 16 for 7 days soaking 
and Table 19 for 28 days soaking. The P-values for the type of binder and dose of CaCl2 were 
larger than 0.05, regardless of the duration of soaking. Detailed comparisons between the binders 
and the dosage of CaCl2 were conducted and the results are shown in Table 17 and Table 18 for 
7 days soaking, and Table 20 and Table 21 for 28 days soaking. Overall, there were no significant 

























The G*(sin(δ)) is a parameter used to evaluate the fatigue cracking of asphalt binders. The 
lower the value of the G*(sin(δ)) the better the fatigue cracking. The G*(sin(δ)) of the asphalt 
binders was slightly increased in general after being soaked in the brine of 23% NaCl, and then 
decreased with the continued addition of CaCl2. The G*(sin(δ)) of UM specimen soaked for both 
7 & 28 days, however, significant with most of the value exceeding the threshold value ≤ 5000 
kPa after the addition of 10% CaCl2. 
 
Table 19. ANOVA for 28-days PAV G*(sin(δ)) 
  DF Sum Sq Mean Sq F-Value p-Value 
Binder 3 5005833 1668611 0.948 0.442 
Brine 5 4468750 893750 0.508 0.766 
Residual 15 26405417 1760361 -- -- 
      
Table 20. Tukey multiple comparison between binders, 28-days PAV G*(sin(δ)) 
  Difference Lower Bound Upper Bound p-Value 
PMA–GTRH 58 −2149 2266 1.000 
SBS–GTRH 1142 −1066 3349 0.467 
UM–GTRH 500 −1707 2708 0.913 
SBS–PMA 1083 −1124 3291 0.510 
UM–PMA 442 −1766 2649 0.938 
UM–SBS −642 −2849 1566 0.836 




Table 21. Tukey multiple comparison between brines, 28-days PAV G*sin(δ) 
  Difference Lower Bound Upper Bound p-Value 
D2–D1 162 −2886 3211 1.000 
D3–D1 650 −2398 3698 0.980 
D4–D1 1238 −1811 4286 0.771 
D5–D1 138 −2911 3186 1.000 
 
4.2. Bending Beam Rheometer 
The BBR measures the low-temperature stress-strain-time response of asphalt binder at the 
test temperature. The values obtained are equivalent to low-temperature thermal cracking 
performance of asphalt pavements which is related to creep stiffness (S) and m-value of the asphalt 
binder. These 2 parameters are used as performance-based specification criteria for asphalt binders 
in accordance with ASTM D 6373.  
4.2.1. Creep Properties of Asphalt Binders Soaked for 7 and 28 days (PAV Residuals) 
Creep property of asphalt binders measure it ability to low temperature cracking under 
repeated thermal contraction and expansion. This occurs above critical temperature which can 
cause stresses to buildup and eventually cause cracking. The creep stiffnesses at 60 (s) of the PAV 
residuals for the asphalt binders soaked for 7 and 28 days are presented in Figure 18 and Figure 
19, respectively. A general trend was that the stiffnesses of D1 specimens (soaked in 23% NaCl 
brine) decreased as compared with the controls for all the asphalt binders soaked for 7 and 28 days. 
All the observed creep stiffness (S) have threshold value ≤ 300 MPa which aligns with 
performance grade requirements. Further, the stiffnesses (S) of most of the binders decreased 













































The ANOVA (Table 22 and Table 25) did not show a significant effect for either duration 
of soaking of 7 or 28 days. Multiple comparisons show that the GTRH behaved differently from 
the other three binders in 7 days of soaking (Table 23 and Table 24), but the difference became 
insignificant after 28 days of soaking (Table 26 and Table 27).  
Table 22. ANOVA for 7-days PAV stiffness 
 
DF Sum Sq Mean Sq F-Value p-Value 
Binder 3 7353 2451 6.532 0.004* 
Brine 5 4418 883.5 2.355 0.091 
Residual 15 5628 375.2 -- -- 
*Significant (p<0.05) 
  
Table 23. Tukey multiple comparison between binders, 7-days PAV stiffness 
 
Difference Lower Bound Upper Bound p-Value 
PMA–GTRH −47.500 −79.732 −15.268 0.003* 
SBS–GTRH −35.833 −68.066 −3.601 0.027* 
UM–GTRH −27.500 −59.732 4.732 0.108 
SBS–PMA 11.667 −20.566 43.899 0.728 
UM–PMA 20.000 −12.232 52.232 0.317 
UM–SBS 8.333 −23.899 40.566 0.877 













Table 24. Tukey multiple comparison between brines, 7-days PAV stiffness 
 Difference Lower Bound Upper Bound p-Value 
D2–D1 11.250 −33.251 55.751 0.959 
D3–D1 2.500 −42.001 47.001 1.000 
D4–D1 −1.250 −45.751 43.251 1.000 
D5–D1 18.750 −25.751 63.251 0.744 
   s  
Table 25. ANOVA for 28-days PAV stiffness 
 
DF Sum Sq Mean Sq F-Value p-Value 
Binder 3 6435 2145.2 2.223 0.128 
Brine 5 8378 1675.5 1.737 0.187 
Residual 15 14472 964.8 -- -- 
 
 
Table 26. Tukey multiple comparison between binders, 28-days PAV stiffness 
 
Difference Lower Bound Upper Bound p-Value 
PMA–GTRH −24.333 −76.019 27.352 0.543 
SBS–GTRH −28.667 −80.352 23.019 0.409 
UM–GTRH −45.833 −97.519 5.852 0.091 
SBS–PMA −4.333 −56.019 47.352 0.995 
UM–PMA −21.500 −73.186 30.186 0.637 




Table 27. Tukey multiple comparison between brines, 28-days PAV stiffness 
 
Difference Lower Bound Upper Bound p-Value 
D2–D1 10.250 −61.109 81.609 0.997 
D3–D1 −23.250 −94.609 48.109 0.890 
D4–D1 −23.500 −94.859 47.859 0.886 
D5–D1 −3.750 −75.109 67.609 1.000 
 
The m-values of PAV residuals for asphalt binders soaked for 7 and 28 days are shown in 
Figure 20 and Figure 21, respectively. The m-value for the D1-U7, D1-U28, & D1-G7 asphalt 
binder was observed to decrease compared to those of the control specimens. In addition, the m-
values did not respond as much to the increase of the dose of calcium chloride. The m-value 
specification for PAV residue low temperature cracking @ 60 (s) is ≥ 0.300. All specimens met 




Figure 20. m-Values of asphalt binders after 7 days soaking (PAV residuals) 
 
 

































Statistical analyses were conducted by ANOVA to understand the differences of the m-
values caused by the type of asphalt binder and the dose of calcium chloride. The results are listed 
in Table 28 for soaking 7 days and Table 31 for soaking 28 days. The P-value is less than 0.05 for 
the type of binder for both 7 and 28 days, which indicates significant differences of m-value caused 
by the type of binder soaked for both 7 and 28 days. Tukey multiple comparisons (see Table 29 
and Table 30 for 7-day, and Table 32 and Table 33 for 28-day) revealed that the increase of m-
value with calcium chloride dosage is more evident in PMA after 7-day soaking (Table 29) and in 
PMA and SBS specimens after 28-day soaking (Table 32). 
Table 28. ANOVA for 7-days PAV m-value 
  DF Sum Sq Mean Sq F-Value p-Value 
Binder 3 0.005353 0.001784 5.977 0.007 
Brine 5 0.001843 0.000369 1.234 0.341 
Residual 15 0.004478 0.000299   
*Significant (p<0.05)  
Table 29. Tukey multiple comparison between binders, 7-days PAV m-value 
  Difference Lower Bound Upper Bound p-Value 
PMA–GTRH 0.018 −0.011 0.046 0.332 
SBS–GTRH 0.030 0.001 0.059 0.039* 
UM–GTRH −0.008 −0.037 0.020 0.837 
SBS–PMA 0.013 −0.016 0.041 0.605 
UM–PMA −0.026 −0.055 0.003 0.086 
UM–SBS −0.038 −0.067 -0.010 0.008* 
*Significant difference (p<0.05) 
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Table 30. Tukey multiple comparison between brines, 7 days PAV m-value 
  Difference Lower Bound Upper Bound p-Value 
D2–D1 −0.020 −0.060 0.020 0.589 
D3–D1 −0.016 −0.056 0.023 0.765 
D4–D1 −0.009 −0.048 0.031 0.977 
D5–D1 −0.023 −0.062 0.017 0.471 
 
Table 31. ANOVA for 28-days PAV m-value 
  DF Sum Sq Mean Sq F-Value p-Value 
Binder 3 0.012511 0.00417 7.553 0.003* 
Brine 5 0.004055 0.000811 1.469 0.258 
Residual 15 0.008282 0.000552 -- -- 
 
Table 32. Tukey multiple comparison between binders, 28 days PAV m-value 
 
Difference Lower Bound Upper Bound p-Value 
PMA–GTRH 0.043 0.003 0.082 0.031* 
SBS–GTRH 0.049 0.010 0.088 0.012* 
UM–GTRH 0.001 −0.038 0.040 1.000 
SBS–PMA 0.007 −0.032 0.046 0.960 
UM–PMA −0.042 −0.081 −0.003 0.035* 
UM–SBS −0.048 −0.087 −0.009 0.013* 




Table 33. Tukey multiple comparison between brines, 28 days PAV m-value 
 
Difference Lower Bound Upper Bound p-Value 
D2–D1 0.013 −0.041 0.066 0.972 
D3–D1 −0.015 −0.069 0.039 0.940 
D4–D1 −0.019 −0.073 0.035 0.862 
D5–D1 0.015 −0.039 0.069 0.940 
 
The decrease in stiffnesses and increase in m-values of an asphalt binder indicate an 
improvement in the thermal crack resistance under low temperatures. The soaking of all the asphalt 
binders in 23% NaCl brine generally caused a decrease in the stiffnesses, and an increase in the 
m-values, indicating some degree of improvement of the low-temperature properties. The effect 
of the dose of calcium chloride, in general, decreased the stiffnesses and slightly increased the 
m-values of the asphalt binders, and again improved their low-temperature properties. 
4.3. Atomic Force Microscopy 
Topography was obtained using the dynamic force mode which is a versatile and powerful 
tool for scanning the surfaces of soft materials. The amplitude of the resultant oscillations changes 
as the tip scans over the features on the surface. One generally accepted theory is that phase 
contrast arises from differences in the energy dissipation between the tip and the sample (Nanosurf 
FlexAFM Operation Manual 2012). This advanced nanotechnology technique can be used to 
evaluate microscopic properties of asphalt binders including topography, surface roughness, 




4.3.1. Topography of Asphalt Binder Soaked for 7 Days (without aging) 
The unaged asphalt binders were investigated to measure the topographical, phase 
percentages, and area of surface roughness. Microscopic images of bitumen show three phases, 
and they include a bee-like structure, darker phase, and dispersed phase. Bee-like structures are 
found to be floating in the dispersed phase, and the darker phase and dispersed phase remain 
separated from each other. The topographical images of bitumen show different phase percentages 
and distribution of bee-like structures as shown in Figure 22, Figure 23, and Figure 24 for UM, 
Figure 25, Figure 26, and Figure 27 for GTRH, Figure 28, Figure 29, and Figure 30 for SBS, and 
Figure 31, Figure 32, and Figure 33 for PMA specimens. From the literature study, it was found 
that the bee-like structure is found in the presence of asphaltene, which is not durable and 
disappears with time. Moreover, the change of these phases was also found from soaking the 
bitumen specimens into deicer solution which indicates the oxidation of the bitumen, the main 
factor of aging. 
 
 




Figure 23. Topography of unaged PG-64-22 UM D1 
 
 
Figure 24. Topography of unaged PG-64-22 UM D4 
 
 




Figure 26. Topography of unaged PG-76-22 GTRH D1 
  
Figure 27. Topography of unaged PG-76-22 GTRH D4 
 
  




Figure 29. Topography of unaged PG-76-22 SBS D1 
 
 
Figure 30. Topography of unaged PG-76-22 SBS D4 
 
 




Figure 32. Topography of unaged PG-76-22 PMA D1 
 
Figure 33. Topography of unaged PG-76-22 PMA D4 PMA 
 
4.3.2. Surface Roughness of Asphalt Binder Soaked for 7 days 
According to the operating principle of AFM and the requirement for test accuracy, surface 
roughness (SR) values of each asphalt binder investigated is presented in Figure 34. The control 
specimens of each binder investigated showed the minimum values of surface roughness. The 
GTRH C specimen showed the minimum value of surface roughness of 0.6nm while the largest 
value of surface roughness was 21.72nm, and it’s associated with SBS D4 specimens. The SR was 





Figure 34. Surface Roughness of asphalt binder against concentration of deicer 
 
4.3.3. Young Modulus of Asphalt Binders Soaked for 7 days (without aging) 
The Young’s modulus (MPa) measured from the asphalt binder specimens are presented in 
Figure 35. Higher values of modulus were observed with the control specimens. After soaking in 
the D1 brine, the Young’s modulus of the asphalt specimen decreased by 20%, 82%, 85% and 
81% for UM, GTRH, PMA and SBS binders, respectively. Furthermore, the Young’s modulus 
further decreased with the increase of salt concentration. The results obtained showed that the 































Figure 35. Young’s modulus of asphalt binder against concentration of deicer 
 
4.3.4. Adhesion Forces of Asphalt Binders Soaked for 7 days (without aging) 
The adhesion of an asphalt binder specimen in AFM can be obtained by measuring the 
adhesive dip in a force curve collected through force spectroscopy. The data processing of 
adhesion force is similar to that of the Young’s modulus. All operations were done in the contact 
mode, the force curves obtained from the spectroscopy were processed using the AtomicJ or ANA 
programs. The Sneddon method of processing was selected. From the results obtained, the 
adhesion force properties reduced with the effective concentration of deicers. The adhesion forces 
measured on different asphalt binders are presented in Figure 36.  A decrease in adhesion was 
observed after soaking from all four types of binders tested. In general, the adhesion forces 




















































CHAPTER 5.  SUMMARY & CONCLUSIONS 
The structural impact of blended salts on the performance properties of asphalt binders was 
studied. Also, the effect of the salt concentration as well as soaking duration was investigated.  
Results obtained from asphalt binders soaked for 7 and 28 days at different blend ratios of CaCl2 
and a fixed dose of NaCl were compared to the unsoaked control specimens. Both soaked and 
unsoaked asphalt binders at three different aging status, i.e., without aging, RTFO residuals, and 
PAV residuals. The asphalt binder specimens were then tested by DSR and BBR at high, 
intermediate, and low temperatures. AFM nanoscale tests were carried out on selected soaked 
specimens without aging. In this study the asphalt binders without soaking were tested as controls. 
The following conclusions can be drawn from this research: 
1. The rheological property at high temperatures, G*/sin(δ), of the original binders and RTFO 
residuals after soaking were observed to increase slightly regardless of the duration of 
soaking, indicating the rutting resistance of the tested binders was therefore not negatively 
affected by soaking. There was a significant difference of G*/sin(δ) caused by the type of 
binder, i.e., the unmodified binders were more sensitive to soaking in brines. 
2. The G*sin(δ) at intermediate temperatures slightly increased after being soaked in the brine 
of 23% NaCl, and then decreased with the continued addition of CaCl2. The differences of 
increase and decrease in G*sin(δ) were, however, insignificant with regard to the type of 
binder and dose of CaCl2. 
3. The soaking of all the asphalt binders in 23% NaCl brine caused a general decrease in the 
stiffnesses, and an increase in the m-values that indicated some degree of improvement of 
the low-temperature properties. The effect of the dose of CaCl2, in general, decreased the 
72 
 
stiffnesses and increased slightly the m-values of the asphalt binders, and again improved 
their low-temperature properties. Both the creep properties of stiffness and m-value have 
significant differences caused by the type of binder. 
4. Soaking of asphalt binders in solutions of deicers decreased the Young’s modulus and the 
adhesion force regardless of the type of asphalt binders. Furthermore, both Young’s 
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